Chitosan particles loaded with the antigen ovalbumin (OVA) and the adjuvant Quil-A were produced by electrospray, using mixtures of water/ethanol/acetic acid as a solvent. Three different chitosans designed as HMC + 70, HMC + 85, and HMC + 90 (called as 705010, 855010, and 905010) were tested and its efficacy to be used in oral vaccine delivery applications was investigated. The morphology, size, and zeta potential of the produced particles were investigated, together with the encapsulation efficiency and release of OVA from the three chitosan formulations. Moreover, the mucoadhesion and cytotoxicity of the chitosan microparticles was examined. All the three formulations with OVA and Quil-A were in the micrometer size range and had a positive zeta potential between 46 and 75 mV. Furthermore, all the three formulations displayed encapsulation efficiencies above 80% and the release of OVA over a period of 80 h was observed to be between 38 and 47%. None of the developed formulations exhibited high mucoadhesive properties, either cytotoxicity. The formulation prepared with HMC + 70, OVA, and Quil-A had the highest stability within 2 h in buffer solution, as measured by dynamic light scattering. The electrosprayed formulation consisting of HMC + 70 with OVA and Quil-A showed to be the most promising as an oral vaccine system.
INTRODUCTION
The discovery of vaccination has played a significant role for the public health in the world. Even though vaccination has decreased the morbidity and mortality from many diseases, there are still many infectious diseases remaining and therefore vaccination is a topic in continuous development (1) .
Today, most vaccines are injected into the body, but it will create many advantages such as better patient compliance and increased safety, if oral vaccines can be developed (2, 3) . The absorptive area after oral administration is the intestinal epithelium, and its large surface area, typically makes it an ideal target. Although, for vaccines significant challenges are associated with oral delivery due to obstacles as poor stability of the vaccine formulation in the gastrointestinal (GI) tract, low gastric pH, and degrading enzymes.
Thereby, making oral vaccine delivery extremely challenging (3) .
Inactivated bacteria or viruses have been the traditional way of producing vaccines for decades, and even though these lead to high immunogenicity, they also carry much risk using them. Therefore, nowadays, subunit antigens are tended to be used, and as they are well-defined compounds of pathogens, they comprise high safety (1) . On the other hand, these antigens are not as immunogenic as the whole pathogen, and therefore adjuvants need to be delivered together with the antigen (4) . Adjuvants are structurally heterogeneous compounds that can potentiate an immune response, and in addition also induce a faster response (5) . Furthermore, for oral vaccine delivery, a particulate system needs to encapsulate the antigen and adjuvant, as soluble antigens are scarcely immunogenic. The particles will further also protect the antigen through hostile environment of the GI tract and ensure presentation of the antigen to antigen-presenting cells after uptake in the small intestine (6) (7) (8) . There are many promising delivery systems for this purpose, and chitosan nano-or microparticles are one of them (9, 10) .
Chitosan is derived from the naturally occurring polysaccharide chitin (11) and is a biodegradable cationic biopolymer. Moreover, chitosan is also hydrophilic and pHsensitive (11) . Due to the strong cationic properties, chitosan is proven to be mucoadhesive mainly due to the electrostatic interactions between positively charged chitosan and the negatively charged mucins in the mucus (e.g., found in the small intestine) (12) . The mucoadhesion provides longer residence time in the intestine and thereby enhance the delivery of the particles to reach the microfold (M) cells, where the vaccine formulation should be taken up. Furthermore, an important feature for chitosan particles is that they have been found to have adjuvant properties in itself (13) .
There are many methods for producing chitosan microparticles as, e.g., spray drying and cross-linking methods (14) , but electrohydrodynamic techniques such as electrospray have shown advantages such as high loading efficiency (15, 16) . In addition, it can be a very useful method for vaccine applications as electrospray is a gentle method without use of harsh solvents and has shown not to degrade proteins and peptides during the particle production (17, 18) . Moreover, the morphology and particle size can be adjusted through varying the process parameters and the choice of the materials and thereby electrospray has been reported as a versatile method, also for producing chitosan particles (15, 19, 20) . Previously, electrospray has been used to produce a vaccine formulation with microparticles of acetylated dextran encapsulating a subunit antigen, and this process resulted in an increased protection of the antigen (18, 21) . Furthermore modified chitosan has been used for coating of calcium-alginate particles where the model subunit antigen ovalbumin (OVA) was encapsulated by the method of electrospraying (22, 23) .
In our previous study, chitosan electrosprayed microparticles were produced and optimized for oral drug delivery (24). Chitosan's with different molecular weight, degree of deacetylation (DD) and polymerization (DP), together with the different solvent compositions were investigated. It was found that stable chitosan particles in aqueous solutions with average size of approximately 1 μm were produced by dissolving 3% w/v of low molecular weight (28-49 kDa) chitosan in mixtures of aqueous acetic acid and ethanol (50/50% v/v). Furthermore, these microparticles had good mucoadhesive properties showing its potential as a drug delivery carrier for this application of oral vaccine delivery (24) .
The aim of this paper was to develop chitosan microparticles loaded with the subunit model antigen, OVA, and the adjuvant Quil-A using electrospraying as the encapsulation technique. Furthermore, the particles were in vitro characterized and tested for their cytotoxicity using THP-1 cells. 
MATERIALS AND METHODS

Materials
Preparation of Solutions for Electrospraying Chitosan Particles
For the preparation of the chitosan particles with OVA and Quil-A, a similar method was used as described in the literature (24) , but in this study with the addition of antigen and adjuvant to the particles. Here, 150 mg of OVA and 15 mg of Quil-A were diluted in 4.5 mL of water, then 0.3 g of chitosan was dispersed, followed by the addition of 0. In the following, the formulations are then phrased as either 705010, 855010, and 905010.
Particles without OVA and Quil-A are entitled blank XX chitosan particles.
Parameters for the Electrospraying Process
Each of the prepared chitosan solutions were electrosprayed using a flow rate of 11.5 or 16.4 μL/min, and the distance from tip of needle to the collector was either 10 or 15 cm. Furthermore, the voltage was set to 24 kV and a needle size of 19 G was utilized. The relative humidity was kept at 20% during the electrospray process using a polycarbonate chamber, and the temperature was 18-20°C. The needle was connected to a high-voltage direct-current power supply and the processed particles were collected horizontally on aluminum foil or a glass surface.
Morphology of the Chitosan Particles
The chitosan particles were collected on aluminum foil, mounted on aluminum stubs and sputter-coated with gold. This generated a thin film of a thickness of 2.4 nm using a Q150R Rotary-Pumped Sputter Coater from Fedelco S.L (East Sussex, UK) prior to visualization. The particles were imaged with a scanning electron microscope (SEM) Quanta FEG 200 ESEM with an Everhart-Thornley Detector (Hillsboro, OR, USA), using a magnification of × 10,000 and a voltage of 12 kV.
Particle Size and Zeta Potential
For investigating the size of the dispersed particles, dynamic light scattering (DLS) was used. In a concentration of 1 mg/mL, particles were dispersed in 20 mM phosphate buffer at pH 7.4 and measured using a zetasizer Nano ZS (Malvern Instruments, Malvern, UK). The zetasizer was further also used for measuring the zeta potential of the dispersed particles in a concentration of 1 mg/mL in Milli-Q water.
Stability of the Particles
Stability of the particles was measured for 2 h utilizing DLS. The particles were dispersed in a concentration of 1 mg/ mL in 10 mM phosphate buffer at pH 7.4. At time 0, 1, and 2 h the size of the particles were measured in duplicates or triplicates using a zetasizer Nano ZS.
Encapsulation Efficiency and Release of OVA in the Chitosan Particles
For release and encapsulation efficiency studies, fluorescein-labeled OVA (FITC-OVA) were utilized. FITC-OVA was prepared according to the protocol described by Könnings et al. (25) . The chitosan particles loaded with FITC-OVA, as well as with or without Quil-A, were prepared in the same way as described above.
The encapsulation efficiency was performed by dissolving 0.5 mg/mL of particles in 10% (v/v) acetic acid solution. The particles were vortexed until fully dissolved and the fluorescence was measured using an excitation of 490 nm and an emission of 525 nm on a plate reader (Thermo Scientific Varioskan LUX plate Reader, Vantaa, Finland). Blank particles and acetic acid solution were used as controls.
Regarding the release studies, for time zero, particles were dispersed in 20 mM PBS, pH 6.8 at 37°C to reach a concentration of 1.33 mg/mL. After addition of the buffer, 150 μL of supernatant were instantly collected in a 96-well plate and its fluorescence was measured under the same settings as for measuring encapsulation efficiency. For the rest of the time points (15, 30, 45, 60 , and 90 min and 2, 4, 6, 8, 24, 48, and 72 h), 200 μg of particles were deposited inside each well and 150 μL of 20 mM PBS pH 6.8 at 37°C (final concentration of 1.33 mg/mL) was added. The 96-well plate was incubated at 37°C and the fluorescence was measured at each time point. Quil-A and PBS were used as controls.
For both studies, the experiments were performed in triplicates.
Mucoadhesion of the Chitosan Particles
The mucoadhesion was tested using a Periodic Acid Schiff (PAS) assay described in the literature (26, 27) . 5 mg/ mL particles were dispersed in a solution of 0.025% w/v mucin in 0.1 M PBS at pH 6.5 and vortexed for 2 h at 37°C. The samples were centrifuged at 12,000 rpm for 2 min and 25 μL of the supernatant (unbounded mucin) was mixed in a 96-well plate with 120 μL of 0.06% w/v periodic acid in 7% v/v AA and incubated for 1.5 h at 37°C. Subsequently, at room temperature, 100 μL of Schiff's reagent was added to the 96-well plate and incubated for 40 min. The absorbance was read at 550 nm and correlated with a standard curve with mucin solutions. The assay was analyzed in a Thermo Scientific Varioskan LUXplate reader at 550 nm and performed in triplicates.
The unbounded mucin was calculated as follows:
where mucin final was calculated from the standard curve.
Cytotoxicity of the Particles
THP-1 (human monocytic cell line) was purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) (Braunschweig, Germany). The cells were grown in T75 flasks in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin and maintained at 37°C and 5% CO 2 . For differentiating the THP-1 cells into macrophage-like cells, 5 ng/mL PMA was added to the cell culture medium. After 2 days, the differentiated THP-1 cells were stained with VyBrant™ CFDA SE Cell Tracer according to the protocol from the manufacturer. Subsequently, the cells were harvested and used for the cytotoxicity studies.
The harvested cells were seeded in a 96 well plate with 15,000 cells per well in the THP-1 medium (described previously in this section) and were allowed to attach to the well overnight at 37°C and 5% CO 2 . The following day, the chitosan particles were added to the cells in a concentration of 4 mg/mL in RPMI medium without phenol red, and as controls triton X-100 (2% (v/v)) were also incubated with the cells. The formulations and the control were incubated for 24 h at 37°C and 5% CO 2 with a rotation of 100 rpm. After 24 h, the cells were washed and fixed with 16% of PFA, and imaged in a fluorescence microscope at excitation of 492 nm and emission of 517 nm.
Statistical Analysis
The data are expressed as mean ± standard deviation (SD). Where appropriate, statistical analysis were carried out using Student's t tests using GraphPad Prism 7.03 (La Jolla, CA, USA). P values below 5% (p < 0.05) were considered statistically significant.
RESULTS AND DISCUSSION
Morphology, Size, and Zeta Potential Chitosan has been proven as a promising carrier in oral vaccination (9) . When utilizing electrospray for the preparation of the chitosan particles, optimization is needed.
Previously, the three chitosan types of HMC + (70, 85, and 90) have been optimized in terms of forming chitosan stable microparticles (24) . It has been an area of focus to investigate which of the three chitosan types would be most suited for the purpose of oral vaccination. Furthermore, for this study, OVA and Quil-A were included in the formulation and therefore, minor optimization steps were again necessary. OVA is a protein and was chosen as a model for subunit antigens as it is inexpensive and easy available. Quil-A is one of many existing adjuvants, but was selected here as it is well tolerated orally (28) . It is inexpensive and obtained by purification of an extract from the bark of the Chilean tree Quillaja saponaria Molina (29) . Quil-A has previously been combined with particulates and OVA for oral vaccine delivery where immune responses were observed (30, 31) .
The size, charge, and morphology of the particulate vaccine formulations will have great impact on their performance as a vaccine (32) , and therefore this is of course of great importance to investigate.
The size of the particles, when dispersed in buffer, was measured using DLS (Table I ). It was observed that the blank particles had significant different sizes with 0.45 ± 0.18 μm for blank HMC + 85, and 1.37 ± 0.35 μm and 2.43 ± 0.23 μm for blank HMC + 70 and blank HMC + 90, respectively (p value of 0.0004). When encapsulating OVA and Quil-A, the sizes increased substantially, and here 705010 was found to have a size of 4.60 ± 0.77 μm, whereas it was determined to be 5.78 ± 0.63 μm and 7.47 ± 1.64 μm for 901050 and 851050, respectively. There was no significant difference in the size for the three formulations (p value of 0.537). It is difficult to define the optimal size for a vaccine formulation, but antigen-presenting cells have been reported to process particles in the size range from 20 nm to 3 μm. Although, microparticles with a size up to 20 μm has been reported as efficient for vaccine delivery (32) . The polydispersity index (PDI) was high for all the samples indicating that the particle sizes were not very uniform. This is also indicated on the SEM images ( Fig. 1) for all the samples, both the blank and the ones encapsulating OVA and Quil-A. The particles from samples 705010 and 905010 are spherical with a smooth surface, whereas the particles in 855010 have an unsmooth surface.
The zeta potential is a parameter of high relevance for oral delivery as it can predict the interaction between the small intestine and particulates. Positive-charged particles can be beneficial, for uptake in the intestine, as they can bind to the negative-charged intestinal cell membranes (33) . It has been reported that particles with a zeta potential above 30 mV have good stability in aqueous medium and greater than 60 mV the particles can be considered to have an excellent stability (33) . In Table I , it can be observed that the zeta potential for all the particles is positive. It can also further be seen that OVA and Quil-A have a stabilizing effect on the chitosan particles as the zeta potential increased when adding the two components. There is no significant difference (p value of 0.2204) between the zeta potential for 705010 and 855010, whereas the zeta potential of 74.84 ± 2.29 mV for 901050 indicated a very high stability of this sample.
Stability of the Chitosan Particles
Stability of the electrosprayed chitosan particles was measured over 2 h in buffer and the size was investigated using DLS. The stability after 1 and 2 h was calculated in relation to the initial size of the particles (Fig. 2) . For the blank HMC + 70 and 705010 chitosan particles, the size increased after 1 h, whereas after 2 h, the size was closer to the initial size with no significant difference (p values of 0.2890 and 0.1376 for blank HMC + 70 and 705010 particles, respectively). The same phenomenon was observed for the blank HMC + 85 and blank HMC + 90 chitosan particles, but for the ones encapsulating OVA and Quil-A, the particle size increases dramatically up to 730 and 893% compared to the initial size for 855010 and 905010, respectively. This indicates aggregation of the particles which is commonly observed for these types of particles (34) . From the above, it can be detected that OVA and Quil-A had a non-stabilizing effect on the particles, except for 705010 sample. These particles were concluded to be the most stable during the 2 h. It can also be stated that these stability observations do not correspond well with the zeta potential measurements where the HMC + 90 formulations should appear to be the ones with the highest stability.
Encapsulation Efficiency and Release of OVA
For particles for oral vaccine delivery, it is essential to encapsulate high antigen content; this is often where oral vaccine formulations fail as the antigen concentration is not sufficiently high to obtain an immune response (35) . In the present study, 50% of OVA in relation to 3% (w/v) chitosan was used in order to have a high antigen concentration. The concentration of Quil-A was based on previous studies found in the literature where 10% (w/w) Quil-A in relation to OVA resulted in good in vivo immune responses (36, 37) . It is important to investigate how much OVA there is encapsulated into the particles (38) . From the encapsulation efficiency (Fig. 3) , it can be observed that above 80% of the OVA was encapsulated into the particles. The efficiency for 705010 and 855010 was, for both, 87%, whereas it was 82% for 905010. These high ratios of encapsulated OVA were expected, making electrospraying a promising encapsulation technique due to its high encapsulation efficiency (39) . Moreover, a high encapsulation efficiency means that a low portion of the active compound was lost during manufacturing also resulting in important economic profit (38) . In the literature, high drug encapsulations of approximately 90% have previously been reported showing high efficiency using electrospraying (19, 39, 40) . OVA has previously been encapsulated in calcium-alginate microparticles prepared by electrospray and the maximum encapsulation efficiency was found to be 41% of OVA (23); hence, the efficiency is also highly dependent on the polymer used as carrier material.
The release of FITC-labeled OVA from the chitosan particles was investigated in PBS at pH 6.8. It can be observed that there was no significant difference (p value of 0.1742) in the release of OVA from the three chitosan formulations (Fig. 4) . For all the formulations, 38-47% of OVA was released within a timeframe of 72 h. A substantial part of the OVA was released within the first 6 h, also with a large fraction released in a burst fashion, but still some sustained release was found. The sustained release can be of great importance when developing vaccine formulations (41) . In the literature, chitosan nanoparticles have frequently been manufactured for vaccine delivery and, e.g., in a paper by Gordon et al., the FITC-OVA released from chitosan nanoparticles was approximately 10% after 1 day and after 10 days, the release was found to be 50% of the encapsulated FITC-OVA (42) . In another study, it was found that OVA released from chitosan microparticles was 10% within 60 min and after further 180 min, no more OVA was released (43) . These studies confirm that a 100% release cannot be expected from chitosan particles. Moreover, it could also be speculated that there is an interaction between chitosan and OVA retaining the release of OVA even further.
Mucoadhesion
Another major factor for oral vaccine delivery to succeed is the interaction of the particles with the mucus in the small intestine (2). This will often be occurring through electrostatic interaction between a positive surface charge on the particle (as chitosan) and the negatively charged sialic acid group of mucin (2) . This process of mucoadhesion can both be beneficial and disadvantageous for vaccine delivery, as the increase in residence time could allow greater chance of particle uptake. It could also result in the formulation becoming potentially trapped within the loosely adherent mucus layer and being at greater risk of clearance due to mucociliary action (44, 45) . There are several methods to test for mucoadhesion as, e.g., texture analyzer, atomic force microscopy (AFM), and rheometer, Fig. 1 . SEM images of particles investigated with a magnification of × 10,000 and the scale bars represent 5 μm on all the images Fig. 2 . Stability of the particles over 2 h in PBS at pH 7.4 measured by DLS. The data represents mean ± SD in triplicates Fig. 3 . Encapsulation efficiency of FITC-OVA into the chitosan particles produced by the electrospraying process. Graph represents mean ± SD in triplicates but also colorimetric assays are often used (46) . The PAS assay is such a colorimetric technique which is widely used for quantitative and qualitative analysis of mucoadhesion (27) . It measures the amount of unbound mucin meaning that a low value is a measure of high mucoadhesion. Figure 5 shows the percentage of unbounded mucin after incubation of mucin and the chitosan particles, and it can be observed that all the samples do not seem to show high mucoadhesive properties. It was expected that the higher DD of chitosan, it should have a clear effect on a higher mucoadhesion of particles, due to more -NH 2 groups available to interact with the mucus (47) . From the results in this study, no clear trends were observed. In the two cases of HMC + 85 and HMC + 90 chitosan particles, the loading of OVA and Quil-A made the particles less mucoadhesive. This is unexpected as the zeta potential was higher in these two cases (Table I) . It is unclear from the literature if particles should have mucoadhesive properties for succeed in oral vaccine delivery. Considering that the mucus covering the M cells is a thin layer, it could be assumed that the two formulations of 705010 and 855010 are sufficient mucoadhesive to be taken up by the M cells before being flushed away.
Cytotoxicity
Even though chitosan is regarded as biocompatible and a safe compound, it is important to evaluate the cytotoxicity of the developed formulations (48) . For vaccine systems, differentiated THP-1 cells (human leukemia cell line) can be used to evaluate the cytotoxicity of the formulations (49) . Due to instability of the HMC + 85 chitosan formulation, this was not tested here for the cytotoxicity.
It can be observed that the HMC + 90 chitosan formulation was slightly more cytotoxic than the HMC + 70 formulation with 26.5% and 14.3%, respectively, but no significant difference (p value 0.8415) was found (Fig. 6 ). The highest value was found for the 905010 with 26.5% compared to the positive control, and the lowest value was found for the 705010 with only 8% dead cells compared to the control. Therefore, it is indicated by these studies that the electrosprayed chitosan formulations did not exhibit cytotoxicity. In the literature, many cytotoxicity studies have been performed on oral drug formulations looking at Caco-2 cell viability. From these studies, it has been found that chitosan has a tendency to decrease the viability of Caco-2 cells and it is suggested to be due to electrostatic interactions between the chitosan particles and the cell membrane (50, 51) . The vaccine formulations need to be taken up by the M cells and transported to the immune cells (3); hence, they will not interact with the intestinal epithelium in the same way as drug formulations developed for oral delivery.
CONCLUSION
Here, we present the development and in vitro characterization of a complete vaccine formulation consisting of chitosan microparticles encapsulated with OVA and Quil-A prepared by electrospray. Three different chitosan's were tested (HMC + 70, HMC + 85, and HMC + 90) and encapsulated with 50% OVA and 10% Quil-A. The formulation 705010 showed to be the most promising as an oral vaccine system due to low cytotoxicity and high particle stability in buffer solution. For the future, this will be investigated for its potential as an oral vaccine formulation by testing it in vivo in mice. 
